In contrast to most mouse strains, rats eliminate the primary schistosome burden around 4 weeks postinfection and subsequently develop protective immunity to reinfection. In rat schistosomiasis, we have shown predominant expression of a Th2-type cytokine response at the mRNA level after primary infection. In the present study, we showed a significant increase in interleukin-4 (IL-4) mRNA expression in inguinal lymph nodes early after a secondary infection. IL-5 mRNA expression showed a significant increase at days 2 and 4 postreinfection in the spleen and lymph nodes, respectively. We did not detect any gamma interferon (IFN-␥) mRNA after a challenge infection. Analysis of cytokine secretion by stimulated spleen cells after a primary infection showed predominant expression of IL-4 with maximum production on day 21, accompanied by production of IL-5 from day 11 to day 67. A significant increase in IFN-␥ secretion was detected at day 21. Analysis of immunoglobulin G2b (IgG2b) and IgG2c (Th1-related isotypes) showed undetectable levels of IgG2b, but detectable levels of specific IgG2c antibodies were observed from day 42. The analysis of Th2-related isotypes showed high specific IgG1 and IgG2a antibody titers from day 29. After a secondary infection, only IL-4 and IL-5 secretion was sustained. This is supported by the increased production of Th2-related isotypes. These findings showed that S. mansoni infection can drive Th2 responses in rats in the absence of egg production which is required to induce a Th2 response in mice and are in favor of the role of Th2-type cytokines in protective immunity against reinfection.
In response to invading pathogens, a humoral, a cellular, or both types of immune response may be generated. In this context, several studies have outlined the importance of the major role T-helper (Th) lymphocytes play in the regulation of immunity to parasitic infections (4, 29) . In BALB/c mice infected with Leishmania spp., protective immunity has been related to a Th1 response and pathogenesis has been related to a Th2 response (40) . In murine schistosomiasis, it has been shown that a Th2 response was involved in the development of chronic infection, whereas a Th1 response participated in protection against Schistosoma mansoni infection (31, 32, 44) . In humans, several immunoepidemiological studies revealed a positive correlation among high specific immunoglobulin E (IgE) levels, eosinophilia, and resistance to reinfection. Recent studies showed a correlation between the level of secreted interleukin-5 (IL-5) and resistance to reinfection, and there is now converging evidence supporting a beneficial role of the Th2 response (3, 14, 17, 36, 37) . Along the same line, it has been shown, in a study performed in two areas of Kenya, that peripheral blood mononuclear cells from hepatosplenic disease patients responded to antigen stimulation with significantly higher levels of gamma interferon (IFN-␥) and tumor necrosis factor (TNF) but lower levels of IL-5 compared with non-hepatosplenic disease patients (30) . Moreover, it was found that high levels of IFN-␥, TNF, soluble TNF receptors, and soluble ICAM-1 in plasma were also significantly associated with hepatosplenomegaly, suggesting the implication of a Th1-like response in the hepatosplenic disease process (30) . These findings are in contrast to those obtained with the murine model, in which Th2 responses have been associated with pathology.
Studies with the rat, a semipermissive host, have implicated immune mechanisms in the rejection of worms. After a primary infection, rats established a strong resistance to reinfection (26) which is thymus dependent (7, 33) . This resistance appears between 4 and 8 weeks after a primary infection and persists for at least 12 weeks (26) . Several studies showed that this resistance is mainly due to ADCC mechanisms (8, 9) . In this model, indirect and direct evidence supported the role of phagocytic cells and anaphylactic-type antibodies (IgG2a and IgE) in protection against S. mansoni infection both in vitro and in vivo (20, 25, 43) . Nevertheless, little is known about the expression of cytokine genes involved in this mechanism. Accordingly, we have recently analyzed the pattern of cytokine mRNA expression by reverse transcription (RT)-PCR in S. mansoni-infected rats. The results showed preferential expression of Th2 cytokines before rejection of worms (10) . In spleens from infected rats, a significant increase in IL-5 mRNA was observed during the early phase of infection. Analysis of pulmonary cytokine responses showed a dramatic increase in IL-4 and IL-5 mRNAs on day 7, which corresponds to the period when the parasites are present in the lungs. A significant increase in IL-2, IL-4, and IL-5 was detected in lymph nodes (LN) on day 21. IFN-␥ was barely detected between day 21 and day 29 in the spleen.
In the present work, we have studied, on the one hand, the expression of IFN-␥ (a Th1-type cytokine), IL-4, and IL-5 (Th2-type cytokines) at the mRNA level after a secondary infection. On the other hand, we have examined the secretion of these cytokines by cells purified from primarily and secondarily infected rat spleens after stimulation with S. mansoni antigens. Finally, in order to evaluate the functional signifi-cance of a Th2 cytokine response, we have monitored the levels of specific IgG1, IgG2a, IgG2b, and IgG2c antibodies. In rats, IgG1 and IgG2a are considered to be controlled by Th2 cytokines (1) whereas IgG2b and IgG2c are known to be controlled by Th1 cytokines (19) . Taken together, our results suggest the association of Th2-type cytokines and Th2-dependent antibodies in rat protective immunity against reinfection.
MATERIALS AND METHODS
Parasites and laboratory hosts. A Guadeloupean strain of S. mansoni was maintained in Biomphalaria glabrata snails as intermediate hosts and golden hamsters as definitive hosts. Cercariae for experimental infections were used within 1 h after collection.
Male 6-to 8-week-old inbred Fischer F344 rats (Iffa Credo) were exposed percutaneously to 2 ϫ 10 3 cercariae as previously described (10) for primary infection and exposed to 2 ϫ 10 3 cercariae 9 weeks later for reinfection. In preliminary infection experiments, a follow-up of the worm burden in the livers of infected rats showed reductions of 62% at day 28 and 85% at day 42 postinfection in comparison to day 21, when the maximum numbers of worms were found. Accordingly, we decided to reinfect rats at day 63 postinfection. A follow-up of the worm burden in infected-reinfected rats showed a reduction of 81% at day 21 compared to challenge control rats.
Antigens. Based on the presence of soluble cross-reactive antigen between cercariae and schistosomula (34) and in addition to the fact that in experimental rat schistosomiasis there are no adult worms nor is there egg production, we used cercarial antigens in enzyme-linked immunosorbent assay (ELISA) and stimulation experiments. Cercarial soluble antigens were prepared from cercariae homogenized in phosphate-buffered saline (PBS) containing 0.5 mM phenylmethylsulfonyl fluoride and 1 mM EDTA.
Homogenates were sonicated six times for 30 s each time by using a sonicator (Labsonic U.; B. Braun, Strasbourg, France) and centrifuged twice at 10 ϫ 10 3 ϫ g for 10 min each time at 4°C. The soluble fraction was recovered and used as the source of antigens. Measurement of protein content was performed by using the bicinchoninic acid protein assay reagent (Pierce).
Lymphocyte cultures. Due to the limited number of cells in lymph nodes and difficulties in culturing cells from lungs, we only analyzed IFN-␥, IL-4, and IL-5 secretion by cells purified from the spleen. Spleens were removed from infected or reinfected rats, and cell suspensions were prepared as follows. Briefly, spleens were forced through fine wire mesh and splenic erythrocytes were lysed by osmotic treatment (170 mM Tris-buffered saline, 155 mM ammonium chloride solution), followed by three washes in RPMI 1640 (Gibco BRL, Courbevoie, France). Cell viability was evaluated by trypan blue dye exclusion, and 10 7 cells were resuspended in 1 ml of culture medium, which is RPMI 1640 supplemented with 10% heat-inactivated fetal calf serum (JRH BioSciences, Lenexa, Kans.), 50 g of gentamicin (Schering-Plough, Levallois-Perret, France) per ml, 2 mM glutamine (Seromed, Berlin, Germany), 1% nonessential amino acids (Seromed), 1 mM sodium pyruvate (Sigma, St. Louis, Mo.), and 5 ϫ 10 Ϫ5 M ␤-mercaptoethanol (Merck, Darmstadt, Germany). One milliliter of a cell suspension was incubated in the presence of S. mansoni cercarial soluble antigens (50 g/ml) or concanavalin A (ConA; 5 g/ml; Seromed) in 24-well plates (Nunclon; Nunc, Roskilde, Denmark) at 37°C in a 5% CO 2 atmosphere. Supernatants were collected after 24 h for IL-5 measurement, after 48 h for IL-4 measurement, and after 72 h for IFN-␥ measurement.
Cytokine secretion. (i) IL-4 detection. IL-4 detection was performed with the Biosource International Cytoscreen rat IL-4 kit as recommended by the manufacturer. Values for the standard curve ranged between 500 and 7.8 pg/ml for IL-4.
(ii) IL-5 detection. For IL-5 detection, the LyH7.B13 Cell Proliferation Assay was used. The mouse B-cell line LyH7.B13, which proliferates in response to IL-5, was kindly provided by D. Fattah, GlaxoWellcome (18) . Cells (5 ϫ 10 4 /well) were cultured in triplicate in Dulbecco modified Eagle medium (Gibco BRL) supplemented with 10% fetal calf serum (JRH BioSciences), nonessential amino acids (Seromed), and 5 ϫ 10 Ϫ5 M ␤-mercaptoethanol (Merck) together with appropriately diluted samples in 96-well flat-bottom plates (Falcon; Becton Dickinson). After 72 h of culture, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (Sigma) at a concentration of 50 g was added to each well and the plate was incubated for at least 5 h at 37°C in a 5% CO 2 atmosphere. A 0.1-ml volume of isopropanol-HCl (0.04 N) was then added to each well. After homogenization, color development was measured spectrophotometrically at 570 nm (Multiskan MCC/340; Titertek, Helsinki, Finland). Cytokine concentrations were calculated by reference to standard curves constructed with known amounts of recombinant purified mouse IL-5 (Genzyme, Cambridge, United Kingdom) diluted in culture medium. Values ranged between 5 ϫ 10 3 and 15.62 mIU/ml for IL-5.
(iii) IFN-␥ detection. For IFN-␥ detection, Nunc Immulon modules were coated at 5 g/ml with polyclonal rabbit anti-rat IFN-␥ (Biosource International) and incubated for 3 h at 37°C with 100 l of coating buffer (0.1 M NaHCO 3 , 0.1 M Na 2 CO 3 , pH 9.6) per well. After three washes, plates were saturated with 200 l of PBS-0.5% gelatin per well and incubated for 1 h at room temperature. After three washes, supernatants were added and the plates were incubated overnight at 4°C. The plates were then washed in PBS-0.1% Tween 20 and incubated for 90 min at 37°C with a biotinylated mouse anti-rat IFN-␥ monoclonal antibody purified from DB-1 hybridoma cells (100 l/well; Biosource International) diluted in PBS-0.1% Tween 20 at 1 mg/ml. Amplification with streptavidin-peroxidase conjugate (1/2,000; Amersham) was performed. Finally, after extensive washes, 100 l of substrate solution (1 mg of o-phenylenediamine dihydrochloride [Sigma] per ml, 0.03% H 2 O 2 in 0.1 M citrate buffer, pH 5.0) was added to the wells. The color reaction was stopped by the addition of 100 l of HCl (2 N). A 492 was measured by using a Multiskan MCC/340 spectrophotometer (Labsystems, Helsinki, Finland). Cytokine concentrations were calculated by using standard curves constructed with known amounts of the recombinant purified cytokine diluted in culture medium. Values ranged between 5 ϫ 10 3 and 62.5 pg/ml for IFN-␥.
Isolation and purification of mRNA. Each tissue mRNA sample was analyzed separately by RT-PCR. For tissue cytokine mRNA determinations, draining LN, the right lung, the spleen, and the liver were removed (two rats were infected and reinfected per group, two rats were infected but not reinfected per group, and two rats were not infected as a control) at the different time points indicated (see Fig. 1 ) and immediately frozen in liquid nitrogen. Frozen organs were homogenized in 1 ml of RNA PLUS solution (Bioprobe Systems). Total RNA was isolated as recommended by the manufacturer. The RNA was resuspended in RNase-free sterile water. The amount and quality of RNA were determined by spectrophotometry, and the RNA was analyzed by agarose gel electrophoresis.
RT-PCR detection of cytokine mRNA. (i) RT reactions. An RT-PCR procedure was performed to determine the relative quantities of mRNA for IL-4, IL-5, IFN-␥, and ␤-actin. RT of RNA was performed in a 25-l final volume containing 0.5 g of random oligo(dT) and 2.5 g of total RNA. The RT reaction mixture was incubated for 5 min at 65°C, and then the following were added: a mixture of all four deoxynucleoside triphosphates at 1.2 mM each, 1ϫ reverse transcriptase buffer (50 mM Tris-HCl [pH 8.3], 75 mM KCl, 3 mM MgCl 2 , 10 mM dithiothreitol, 4 U of RNase inhibitor (Promega, Madison, Wis.), and 200 U of reverse transcriptase (Gibco BRL). The reaction mixture was incubated for 1 h at 37°C, the reaction was stopped by heating for 3 min at 92°C to denature the murine leukemia virus reverse transcriptase, and the mixture was cooled on ice for 3 min and stored at Ϫ20°C.
(ii) PCRs. The primer sequences used were previously described (10) . The primers used in this study span exons separated by at least one intron in order to avoid any amplification of contaminating genomic DNA. PCR conditions were defined for each cytokine-primer pair such that a linear relationship between the input RNA and the final PCR product was obtained. Both positive and negative controls were included in each assay to confirm that only cDNA PCR products were detected and that none of the reagents was contaminated with cDNA or previous PCR products. The PCR mixture contained a 0.8 mM deoxynucleoside triphosphate mixture, 1ϫ PCR buffer (50 mM KCl, 10 mM Tris-HCl), 1.5 mM MgCl 2 , 20 pmol each of the sense and antisense primers, 2 l of cDNA, and 1.25 U of Taq polymerase (Promega). After a first step of denaturation for 3 min at 94°C, temperature cycling of 94°C for 1 min, 55°C for 1 min, and 72°C for 1 min was initiated on a PTC 200 thermal cycler (MJ Research, Watertown, Mass.).
Analysis and quantification of PCR products. After an appropriate number of PCR cycles (28 cycles for ␤-actin, IFN-␥, IL-4, and IL-5), the amplified DNA was analyzed by electrophoresis, Southern blotting, and hybridization with radioactive cytokine probes. Ten microliters of each reaction mixture was electrophoresed on a 1% agarose gel, visualized by ethidium bromide staining, and transferred by capillarity action to a Hybond-N membrane (Amersham) as previously described (10) . Membranes were fixed by incubation for 2 h at 80°C and then hybridized with a cytokine-specific [␥-
32 P]ATP-radiolabelled oligonucleotide probe at 60°C overnight in hybridization buffer (5 ϫ SSC [1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate], 5ϫ Denhardt's solution, herring sperm DNA at 100 g/ml, sodium dodecyl sulfate [SDS] at 0.5%). Previously described probes ( were [␥-32 P]ATP radiolabelled with a Ready to Go T4 polynucleotide Kinase Kit (Pharmacia). The radiolabelled membranes were washed first in 2ϫ SSC-0.5% SDS at room temperature and then in 0.1ϫ SSC-0.1% SDS at 60°C. Radioactive signals were quantified by using a PhosphorImager (Molecular Dynamics, Evry, France). Positive and negative controls were included in each experiment. To correct sample variations, cDNA for the ␤-actin gene was initially quantified and a correction factor was applied to each sample. Signal intensities were then compared with those obtained for samples from normal rats, and the results are expressed as fold increases over the control. The time study experiment was repeated twice. In our study, based on absolute intensity results of cytokine transcripts obtained from 24 controls (uninfected rats), we found that the intensity varied from one-to twofold. Therefore, for confidence, we considered differences between test and control samples to be significant when the fold increase was Ͼ3.
Analysis of antibody isotype profile by ELISA. Rats were bled before infection and periodically afterward via the retroorbital venous plexus. Sera were aliquoted and stored at Ϫ20°C. Antibody responses to S. mansoni cercarial antigens were measured by standard ELISA techniques. Briefly, Nunc Immuno modules were coated with cercarial soluble antigens at a concentration of 10 g/ml in PBS in a final volume of 100 l/well by incubation at 37°C for 3 h. After washing and saturation as described above, serial dilutions of sera were added in PBS-0.1% Tween 20 and incubation was done overnight at 4°C. Plates were then washed with PBS-0.1% Tween 20 and peroxidase-conjugated anti-rat IgG1, IgG2a, IgG2b, and IgG2c antibodies (MARG-1, MARG2a, MARG-2b, and MARG-2c; Limex, Louvain, Belgium) diluted at 1/8 ϫ 10 3 , except MARG-2c (1/3 ϫ 10 3 ), for 90 min at 37°C. Finally, after five washes, the reaction was developed and stopped as described above and A 492 was measured by using a Multiskan MCC/ 340 spectrophotometer (Labsystems). The specificity of the different ELISAs was confirmed by using positive and negative sera. Results are expressed as serum titers. Titers are defined as the dilution which gives an optical density reading at least twofold higher than the mean background of normal rat serum. Titers correspond to the means of four infected animals Ϯ the standard deviation (SD).
Statistical analysis. Statistical analysis was performed by using Student's t test. A value of P Ͻ 0.05 was considered significant.
FIG. 2. Cytokine secretion by spleen cells from S. mansoni-infected
and infected-reinfected rats in response to in vitro antigen stimulation. Bars: u, infected rats; o, infected-and-reinfected rats. The secondary infection was performed at day 63 postinfection (represented by the arrow). Cells were stimulated with S. mansoni cercarial soluble antigens. Cytokine production was evaluated in 24-h culture supernatants for the measurement of IL-5, in 48-h culture supernatants for the measurement of IL-4, and in 72-h culture supernatants for the measurement of IFN-␥. The constitutive production (---) is that of uninfected animals. Panel a represents IL-4 secretion, and the constitutive production value is 7.8 Ϯ 2.08 pg/ml. Panel b represents IL-5 secretion, and the constitutive production value is below the detection limit. Panel c represents IFN-␥ production, and the constitutive production value is 1,050 Ϯ 826 pg/ml. A significant increase in the secretion of IL-4 and IL-5 was observed after primary and secondary infections compared to uninfected rats (P Ͻ 0.05) at days 4, 7, 11, 21, 42, 65, 70, 84, and 91 for infected rats and days 70, 78, 84, and 91 for infectedreinfected rats. IFN-␥ secretion was significant at day 21 postinfection (P Ͻ 0.05).
FIG. 3. Distribution of Th2
-related isotypes in rats after primary and secondary infections with S. mansoni. Results (mean Ϯ SD) are expressed as serum titers. The secondary infection was performed at day 63 postinfection (represented by the arrow). Panel a represents the IgG1 antibodies. Bars: u, sera from infected rats; o, sera from infected-and-reinfected rats. Panel b represents the IgG2a antibodies. Bars: u, sera from infected rats; o, sera from infected-andreinfected rats.
RESULTS
Cytokine expression patterns in rats after secondary infection. In our previous study, we used RT-PCR to demonstrate increased expression of mRNA encoding the Th2 cytokines in different tissues of infected rats. At the same time, mRNA for IFN-␥ was undetectable except in the spleen at days 21 and 29, when it was at the limit of detection of the assay. To study the effect of a challenge infection on the Th2 response established after a primary infection, Th1 (IFN-␥) and Th2 (IL-4 and IL-5) cytokine mRNA expression was semiquantified in infected rats and infected-and-reinfected rats. Analysis of IL-4 mRNA expression (Fig. 1A) in different tissues showed that there was no significant increase in the livers, lungs, or spleens (except at day 28) of animals from the reinfected group compared to singly infected or control animals. However, in draining LN, a significant increase (P Ͻ 0.05) in IL-4 mRNA was observed at days 2 (four of four rats), 4 (three of four rats), 7 (three of four rats), and 21 (two of two rats) after reinfection. Examination of the same samples for IL-5 mRNA expression (Fig. 1B) did not show any significant increase at any time except at days 2 and 4 postreinfection in the spleens and LN of two of four rats. The follow-up of IFN-␥ mRNA showed no significant expression in either infected animals or animals after challenge compared to control animals (data not shown).
Cytokine secretion patterns after infection and reinfection of rats with S. mansoni. The ability of spleen cells to produce IFN-␥, IL-4, or IL-5 in vitro in response to parasitic antigens was investigated by comparison to cells incubated with medium that were used as negative controls. The kinetic study of IL-4 release by antigen-activated splenocytes during primary infection revealed significant IL-4 secretion above the constitutive secretion level with a peak at around 21 days of infection (40 pg/ml) (Fig. 2a) .
As far as IL-5 production was concerned (Fig. 2b) , none was detected in the early phase of infection (days 4 and 7). However, significant production was observed on day 11, which increased to a maximum on day 42. The constitutive secretion of IL-5 by normal rats (n ϭ 28) tested at each time point is below the detection limit of the assay.
Likewise, there was no difference between the IL-4 and IL-5 levels ( Fig. 2a and b) secreted by antigen-stimulated spleen cells from infected or reinfected rats. This might be due to the fact that spleen cells purified either from infected rats or from infected-reinfected rats responded in a similar manner to in vitro antigen stimulation.
No significant IFN-␥ release by spleen cells from infected rats was obtained during the early phase of primary infection (days 4 to 11) in comparison to normal rat splenocytes (1,050 Ϯ 826 pg/ml; n ϭ 28) (Fig. 2c) . However, a significant increase in IFN-␥ release was detected at day 21 and a decrease occurred thereafter (days 29 to 42). In contrast, in response to cercarial antigens, no significant secretion of IFN-␥ from spleen cells of infected-reinfected rats was observed (Fig. 2c) , although they produced IFN-␥ in response to ConA. In fact, we did not observe impairment of spleen cell responsiveness to ConA in infected but not reinfected rats or infected-reinfected rats (6,511 Ϯ 1,789 pg/ml [n ϭ 37] and 7,196 Ϯ 1,855 pg/ml [n ϭ 41], respectively).
Kinetic analysis of antibody isotypes after infection and reinfection of rats with S. mansoni. The detection of IL-4 (day 21), IL-5 (day 11 to day 70), and IFN-␥ (day 21) in culture supernatants of stimulated spleen cells from infected rats raised the question of their respective roles in vivo in the development of an antibody response. We therefore performed a kinetic study to monitor the expression of specific IgG1, IgG2a antibodies, which are controlled by Th2 cytokines in the rat, and IgG2b, IgG2c antibodies, which are under the control of Th1 cytokines. As shown in Fig. 3a and b, after a primary infection, we detected anti-soluble cercarial antigenspecific IgG1 (titer, Ͼ12 ϫ 10 3 ) and IgG2a (titer, Ͼ15 ϫ 10 3 ) antibodies at day 29 with a maximum at day 42 (titer, Ͼ20 ϫ 10 3 ). In contrast, undetectable levels of specific IgG2b antibodies were obtained in sera from infected rats (data not shown), whereas detectable levels of specific IgG2c antibodies were found at days 42 and 65 (titer, Ͻ10 ϫ 10 3 ) (Fig. 4) . After a secondary infection, the follow-up of IgG1 and IgG2a antibodies showed a significant increase in their titers (Ͼ25 ϫ 10 3 ) as early as 4 days postreinfection ( Fig. 3a and b, respectively) compared with those of rats after a primary infection. Analysis of specific IgG2b antibodies in the same sera revealed very low titers (Ͻ250) (data not shown). However, we still detected specific IgG2c antibodies in sera from reinfected rats with a stable titer compared to infected rats (Fig. 4) , except at day 28 postreinfection.
DISCUSSION
The implication of Th1 versus Th2 responses in protective immunity was mainly described in mouse models since both molecular and cellular immunology studies were facilitated by the availability of sensitive assays for cytokines and the production of transgenic and knockout mice. However, in certain infections, the susceptibility or resistance and the nature of the immune response described in mice are different from those observed in humans. For instance, in murine schistosomiasis, the establishment of a chronic infection was associated with a Th2 response; however, such a response has been shown to correlate with resistance to reinfection in humans (22, 37) . Studies with a semipermissive host, the rat, showed that, as in humans, the humoral response is crucial for protective immunity against S. mansoni reinfection. In order to better understand the link between cytokines and the control of S. mansoni infection in the rat, we analyzed Th1 and Th2 cytokine expression and the related isotypes expressed after primary and secondary infections.
The findings reported in this paper show predominant expression of IL-4 with maximum production on day 21 after a primary infection. This is accompanied by IL-5 production 
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from day 11 to day 65. These observations confirm previous studies that defined a role for IL-4 and IL-5 in the expression of IgE antibodies and eosinophilia, respectively. IL-4 is a wellknown cytokine which acts to promote IgE antibody production (16) . Thus, IL-4 expressed during experimental rat schistosomiasis corroborates the detection of IgE in sera from infected rats (15, 38, 39) . However, recent studies have shown that IL-13 has IL-4-like effects on human B cells by switching to the IgE isotype (12, 35) . In mice, in vitro studies showed that IL-13 does not act on B cells to produce IgE (45) . Moreover, mice with a disrupted IL-4 gene failed to produce IgE in response to parasitic infection (28, 42) . In S. mansoni-infected rats, preliminary results from our laboratory showed an increase in IL-13 mRNA expression after a primary infection (data not shown). Whether this increase is involved in IgE synthesis or not has to be further investigated. IL-5 is the major eosinopoietic cytokine (13, 41) , and eosinophils are produced in large numbers in S. mansoni-infected rats (8, 27) . Several in vitro and in vivo studies indicate that these cells may play a critical role in protection against S. mansoni by destroying larvae (9) in the presence of anaphylactic antibodies (5, 6) . In addition, histological examination of the livers of infected rats revealed eosinophil-rich cell populations associated with live and dead worms (27) . In humans, Roberts et al. have shown that resistance to reinfection by S. mansoni is correlated with the expression of IL-5 by peripheral blood mononuclear cells after stimulation in vitro (37) . Thus, IL-5 expression in infected rats might be crucial in protective immunity. However, further experiments with neutralizing anti-IL-5 antibodies or with anti-receptor IL-5 antibodies will be required for a clear-cut demonstration.
Since both IL-4 and IL-5 were induced early during infection and because of their known effects on the expression of the humoral response that has been well reported in experimental rat schistosomiasis (20, 21, 39) , the detection of IFN-␥ in the supernatants of stimulated spleen cells at day 21 was unexpected. It is worthy of note that rats demonstrate strong resistance to initial infection and eliminate the large majority of the parasite population approximately 1 month after exposure (26) . The presence of IFN-␥ prior to the elimination period, in addition to the fact that the antibody response was not fully developed (see below), strongly suggests that cell-mediated immunity (CMI) could be involved, at least in part, in S. mansoni expulsion previously described as a "self-cure" phenomenon (11) . Additional experiments are necessary in order to study the role of IFN-␥ produced in vivo on the course of infection.
In order to evaluate the role of induced cytokines on the humoral response and in the light of recent studies which showed that IgG2b and IgG2c are controlled by Th1 cytokines through the production of IFN-␥ (19) and that IgG1 and IgG2a may reflect the establishment of a Th2 response (1), we monitored the expression of these isotypes after a primary infection. No detectable specific IgG2b antibody levels were present in the sera of infected rats. However, detectable levels of specific IgG2c antibodies were present from day 42 after infection and remained stable at day 65. The absence of any increase in IgG2c antibodies may be the consequence of the transient expression of IFN-␥ at day 21. It is important to note that rat IgG2b was described as the most potent complement-mediated hemolytic antibody because of its high capacity to bind the C1q protein required for activation of the complement pathway (2) . In contrast, it has been shown that rat IgG2c antibodies produced in S. mansoni-infected rats, as well as an IgG2c monoclonal antibody, specifically inhibited the eosinophil-dependent cytotoxicity mediated by IgG2a antibodies (20) . IgG2c antibodies were also able to inhibit the in vivo protection conferred by IgG2a antibodies (21) . Thus, the presence of IgG2c antibodies supported the production of IFN-␥ in vivo and suggests that IFN-␥ may have a dual role, i.e., (i) in the expression of protective immunity through CMI mechanisms and (ii) in the production of blocking antibodies which inhibit the participation of effector antibodies at the surface target antigen (21) and/or at the effector cell level (24) .
Measurement of specific IgG1 and IgG2a antibodies allowed us to detect a rapid increase in titers starting at day 21 after infection with a peak at day 42. These results, in addition to those showing the expression of IgE antibodies (39) , are consistent with the idea that a primary infection is characterized by predominant production of Th2 cytokines which are involved in the elicitation of effector antibodies. Although the overall response after a primary infection is a Th2-type response supporting the involvement of an ADCC mechanism in protective immunity, the participation of IFN-␥ in CMI cannot be ruled out.
Infected rats develop, as in certain human populations (3, 23) , a strong immunogically mediated resistance to reinfection (6, 33) . These observations, together with the data presented above, led us to check whether reexposure to S. mansoni may deviate the Th2 polarized response established after a primary infection or transiently induce the expression of IFN-␥ which could be involved in immunity to reinfection. Our results clearly evidenced, after a secondary infection of rats by S. mansoni, the absence of IFN-␥ expression at the mRNA and protein levels, excluding the possibility that IFN-␥ contributes to immunity to reinfection. The absence of IFN-␥ expression in vivo was further confirmed by the isotype profile induced after reexposure. Indeed, there was neither production of IgG2b nor an increase in specific IgG2c antibody titers, except at day 28 after reinfection. Whatever the explanation, sustained expression of IFN-␥ would elicit the production of blocking antibodies which, in turn, could contribute to rat susceptibility to reinfection. Thus, the absence of IFN-␥ expression and, consequently, of IgG2c antibodies may favor resistance to reinfection. Our data showed that IL-4 and IL-5 already expressed during infection are still present after reexposure in the majority of infected rats. The persistence of a Th2-type response is further confirmed by the increase of IgG1 and IgG2a antibodies in sera from reinfected rats, suggesting the involvement of an IFN-␥-independent mechanism in immunity to reinfection.
In conclusion, our results showed the sequence of cytokine expression involved in the initiation and development of a Th2-type response in rats after primary and secondary infections with S. mansoni. Particularly striking is the fact that S. mansoni infection can drive Th2 responses in rats in the absence of egg production, which is required to induce a Th2 response in mice. From our study, it can be suggested that IFN-␥ expression may play a role in immunity to infection through CMI mechanisms. However, sustained expression of IFN-␥ could elicit the production of blocking IgG2c antibodies. After reexposure, the absence of IFN-␥ production, in addition to the development of effector antibodies, suggests that Th2 cells are critical for the expression of immunity to reinfection. Future studies will be aimed at elucidating the specific role of each cytokine in experimental rat schistosomiasis.
